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' t'ii (3-i ABSTRACT

Optical absorptionspevtroscopy an ESRK techniques were used to study the site occu-

pations fo~ i almn.I paily excge compostions (.2 x 1020 Nd/cm 3 )

the N& joccupy mid-oxygen sites primarily. There is some population of the tetrahedral site,

however, the concentration is too low to be clearly observed by ESR. Crystals which were
r " 3 'P

completely exchanged (-±'f8 x 1. Ndipm exhibited rather different behavior. The spec-

troscopy results for these material indicate that there is a combination of both isolated Nd3i1

ions as well as discrete pairs. - ," ' -" '-"
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1. INTRODUCTION

Sodium 1 and 3', al'minas have long been known for their properties as solid electro-

lytes. The materials possess an anisotropic crystal structure which consists of spinel blocks of

closely packed AI: L and O" separated by loosely packed 'conduction planes' which contain

the mobile ionic species (i.e., NAI and The fast ion transport properties of these

materials are related to the nature of these planes. One other significant property, particularly

for the ' aluminas, is their remarkable ion exchange behavior. Numerous divalent and

trivalent ions exchange rapidly with sodium in'*3 alumina, enabling a wide range of divalent

and trivalent alumina compositions tobe synthesized< The ability to easily incorporate

transition metal and lanthanide ions witik, alumina has led to the investigation of the opti-

cal behavior of ion exchange¢d' alumnas.,

The optical properties of Nd 3+ exchanged 13" alumina have been investigated in some

detail. Partially exchanged compositions exhibit very substantial small signal gain coefficients

and lasing has been achieved in both pulsed and cw modes [3]. One of the more interesting

optical properties of this material is the extremely high oscillator strength observed for the

hypersensitive transition at 575 nm. A recent analysis by Alfrey et al. [4] suggested that this

behavior could result from the Nd3+ ion occupying a mid-oxygen site, provided the ion was

slightly displaced towards the column oxygen ion in the conduction plane to effectively break

the inversion symmetry at the site. At this time, however, there is relatively little known

about the structure of partially exchanged Nd 3+ 13" alumina and the ion site occupations

within the conduction plane. In contrast, both X-ray diffraction and TEM studies have been

performed on fully exchanged Nd3 + 13" alumina. Single crystal X-ray diffraction results indi-

cate that the Nd 3+ are located primarily at the (9d) or mid-oxygen sites in the conduction

plane [5j, and that the structure is analogous to the one reported for Gd 3 + [3" alumina [6]. In

addition, high rcsolution TEM studies have found that rare earth ions can form a 3-
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dimensional superstructure in P3" alumina [7]. This ordering phenomenon is apparently depen-

dent upon heat treatment after ion exchange. The site occupation for ordered materials is

rather different from that reported for the X-ray results, as Nd 3 + was found to exhibit a

significant occupation for the (6c) tetrahedral sites, also known as the Beevers-Ross (or anti-

Beevers Ross) sites.

The purpose of the present study was to use optical spectroscopy and ESR techniques

to obtain further insight concerning site populations of Nd3 + in 13" alumina. A partially

exchanged Nd 3 + 1" alumina, whose composition was similar to that of lasing crystals, was

investigated, and the behavior was compared to that of fully exchanged Nd3+ " alumina. The
3+

results indicate that at low concentrations Ndi+ ions prefer the mid-oxygen site and that fully

exchanged materials are characterized by the presence of ion pairs.

2. EXPERIMENTAL

The Nd 3 + 13" alumina samples were prepared by ion exchange techniques [2]. In this

approach, single crystals of Na+ P" alumina (nominally, Na. 6 7 Mg0 6 7 Al 10 33 017) were

grown by a flux evaporation method and then doped to different Nd3 + concentrations by ion

exchange procedures. The partially exchanged samples were obtained by immersing single

crystals of Na+ 13" alumina in a NaC1 - NdCl3 flux at 7000 C for 30 minutes. These materials

contained a Nd 3+ concentration of approximately 3.2 x 1020 cm - 3 and corresponded to the

composition Na3 xNd 0.5 6 _xMg0 .6 7 Al 10 .3 30 17 with x = 0.48. For complete exchange, Na +

13" alumina crystals were placed in NdCI3 melts at 800'C for 1 hour. In this case the Nd3 +

2 -3
concentration was nearly 1.8 x 1021 cm "3 (x - 0.01).

After exchange, the crystals were washed and dried according to the usual procedures

[2]. The extent of exchange was determined by both gravimetric and X-ray absorption tech-

niques. These synthesis methods did not include any extended annealing treatments and

2

"afl



would not be expected to produce the highly ordered structures discussed by Davies [7], but

rather correspond to "quenched" materials. Optical absorption spectra between 250 and 2000

nm were taken over the temperature range 4°K to 3000K using an Oxford Instruments cryostat

in conjunction with a Beckman 5270 UV Spectrometer. The ESR measurements were made

at X band using a Bruker 220D spectrometer equipped with an Oxford Instruments helium

flow cryostat. The data were acquired at 20°K because of the relatively short spin lattice

relaxation time of the Nd 3 + ion.

3. RESULTS
S

3.1. Optical Absorption

The optical spectra for the partially exchanged materials were such that the various

optical transitions for an isolated Nd3+ ion could be readily identified. The 419/2---2P1/2

transition (420-430nm) at liquid helium temperatures is of most interest because the number

of absorption lines gives the number of Nd3 + sites in the structure. The 2P1/2 level is not

split by the crystal field (J + 1/2 = 1) and, therefore at low temperatures, when only the

lowest 419/2 Stark level is populated, there will be a single line for each Nd3+ site. Fig. 1a3a

indicates the presence of two distinct lines at 427 and 430 nm. suggesting that Nd3+ occupies

two sites in 3" alumina. Other transitions in the optical spectra are consistent with the

19/2 ---2P1/2 result. That is, the transitions exhibit more components than would be expected

if only one site was occupied. In most cases, however, the lines for a given transition show

considerable overlap and it is difficult to observe all the lines expected for two sites. An

example of this overlap is shown in Fig. 2a for the hypersensitive 491 - G52 G transi-
9/2 5/2' G7 /2 tani

tion. There are more than the seven lines expected for one Nd 3 + site, but it is difficult to

clearly identify all the components expected for two sites. We have also investigated the tem-

perature dependence of the 4 I1 2 P transition and found that this transition is rather

independent of temperature. Over the temperature range 4°K-300'K the two peaks exhibited

I3 S
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only slight broadening and no change in their relative ratio.

The high concentration Nd3+ P3" alumina crystals show distinctly different behavior.

The 419/2-+ 2P1/2 transition exhibits two new lines at 424.5 and 420 nm. (Fig. lb). Both of

these lines are shifted to shorter wavelengths than the peaks observed for partially exchanged

13" alumina in Fig. la. The original peaks are still evident, but they are extremely weak. The

trend to have new groups of lines at shorter wavelengths is also apparent for other transitions.

The hypersensitive transition (Fig. 2b) exhibits new lines and considerable broadening towards

the shorter wavelengths (560-570 rum). In the 585-570 nm range, the spectra are comparable,

although the absorption intensity for the fully exchanged Nd 13" alumina is greatly reduced.

3.2 ESR

The Nd 3+ ion behaves as an ion with fictive spin S' = 1/2 (only the lowest Kramers

doublet of the 419/2 is populated at 20K). The spectra for a crystal containing isolated Nd3+

ions will consist of a central line for each Nd3+ site plus hyperfine satellites due to 143Nd

and 145Nd isotopes of nuclear spin 7/2 (natural abundance 12.7% and 8.3%, respectively).

For samples with low dopant concentration, only central lines are observed. The linewidth is

quite broad, generally greater than 25 mT, and this prevents observation of the hyperfine

interaction.

Figure 3 shows the angular variation of the ESR signal in the ab-plane (i.e.,B 0 1 c) for

partially exchanged Nd3+:IY' alumina. The lines are calculated from the formula for an

orthorhombic site;

g2 (0, 0) = [gx] 2 + [mg y2 + [ngzi 2

where I, m and n are the direction cosines of B with respect to the g-tensor axes. Eq. (1) is
0

valid for one site, and it is apparent that it satisfies all the experimentally obtained points.

Three lines are expected to arise corresponding to sites 1,2 and 3 in the ab-plane. These three
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sites are crystallographically equivalent but their g-tensor axes (which we attribute to being

the x- and y- axes of the g-tensor, and along which one line should be at its extremum in

field) are rotated by 1200 from each other. These three lines with the corresponding gx and

gy values are indicated in Fig. 3. Experimentally, we observed only one or two lines for each

value of 40. The reason is that the linewidth for B > 240 mT was greater than 25 mT and we

were, therefore, unable to extract any additional information from the background. The

dependence of linewidth on the magnetic field is shown in Fig. 4. From the data and the

curves in Fig. 3, we are able to establish that g = 5.82 and gy = 1.17. The latter value

represents a best fit using the calculated curve.

The third g-parameter, gz' can be determined from the angular variation of the ESR

signal in a plane containing the c-axis. The data are shown in Fig. 5 where it is evident that

all three lines could be observed. As the crystal was turned towards the c-axis (i.e., as B0

became parallel to the c-axis), the field became far too large to be measured by the spectrom-

eter, and it was not possible to obtain a value for gz experimentally. The fact that this line is

an extremum suggests that the c-axis must correspond to gz (i.e., gx and gy are in the ab-

plane). Each of the three lines in Fig. 5 corresponds to one of the lines in Fig. 3 taken at a

constant value of 0. The specific values of 0 were determined by comparing the values in

Fig. 5 at 0 = 900 (i.e., the ab-plane) with the observed angular variation in the ab-plane (Fig.

3). It was found, as expected, that the values at 4 = 900 fit along a single vertical in Fig. 3 %

which thus identified the 0 values associated with each of the lines in Fig. 5.

The inability to measure g directly requires that we compute it using Eq. (1).

Although we know the appropriate values of gx' gy' and 0, we find that fitting the lines in

Fig. 5 is extremely sensitive to the accuracy of these values. It is evident that g has a value

close to zero. In fact, when we substitute gz = 0 in Eq. (1), the curves for g(0) at constant 4)

(fig. 5) fit the experimental data away from the c-axis rather well. Unfortunately, in the
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region closer to the c-axis (0 < 300), this is not the case. Attempts were made to fit the g(0)

data by using a series of gz values close to zero. These calculations, however, could not be

optimized successfully because of extreme sensitivity to the parameters in Eq. (1). Thus, at p

the present time, we are unable to ascertain a precise value for gz other than to indicate that

it is a value close to zero. Nonetheless, for the purpose of the current investigation, where we

3+are interested in structural information such as the site and symmetry of Nd , these ESR

results are still quite useful to us.

In addition to the measurements at 200 K, the ESR spectra were taken over a range
I

temperature. At temperatures above 50°K, the spin lattice relaxation time has shortened

sufficiently so that the linewidth increased greatly. The ESR line was no longer evident

above 70'K.

3
The fully exchanged Nd + '' alumina exhibited rather different behavior as compared

to the partially exchanged materials. We determined the angular variation for the ESR line K

when B was turned in a plane containing the c-axis and found that some of the points exhi-

bited a similar angular variation to that obtained for the lower Nd3 + concentration sample

shown in Fig. 5. However, there were many other points which either displayed no angular

variation or, in contrast, a very substantial one. As a result, the ESR spectra were too compli-

cated to interpret meaningfully. The linewidths for these materials were also quite broad and,

once again, it was not possible to observe the hyperfine interaction.

4. DISCUSSION

4.1 Partially Exchanged Nd3 + J3" Alumina.

The spectroscopy results offer a fairly consistent interpretation regarding the site occu-

pancy of Nd 3+ ions in 0" alumina for the partially exchanged compositions. The optical

absorption measurements indicate Nd3 + is present in two sites. Using the explanation

6
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developed by Caro et al. for the nephelauxetic effect for Nd3 + , [8,9] it is possible to associate

these lines with Nd 3+ site populations. Caro et al. [81 related the coordination number for

Nd3+ and the Nd-O distance to the position of the 2P level. In general, a larger Nd-O dis-
1/2

tance and coordination number produces an absorption line at shorter wavelengths. In [3"

alumina, the octahedral (mO) site will be characterized by larger Nd-O distances than the

tetrahedral (BR or aBR) sites. Therefore, one expects the line at 427 nm to correspond to

Nd 3+ present in mO sites while the 430 nm line corresponds to the occupation of the BR (or

aBR) site.

The ESR data provide complementary information regarding the site distributions. The

fact that all the ESR lines can be explained by the use of Eq (1) indicates that the Nd 3+ are

located in a single site. Since the intensity of the ESR signal is known to be proportional to

the concentration of a given species, if Nd3 + ions occupy a second site (whose signal may be

hidden by the broad linewidth), the concentration must be rather small. Significantly, the ESR

results also identify the nature of the predominant site. Fig. 3 clearly indicates that the g-

parameters in the ab-plane are not equal and that the Nd 3+ ions lie in an orthorhombic site.

This behavior is consistent for Nd3 + ions located in the octahedral mO positions which are

characterized by C2 , ymmetry. In contrast, BR sites possess C3v symmetry. If such sites

were occupied, the ESR spectrum would be chaacterized by axial symmetry, with the axis

along the c-direction. It is evident from our present investigation that the Nd 3+ ions in f3" '

alumina do not reside in tetrahedral sites.

A previous spectroscopy study by Alfrey et al. [4,10], performed on crystals of similar

Nd 3+ concentration, reached analogous conclusions. Using a Judd-Ofelt analysis of the

absorption spectrum intensities, Alfrey et al. proposed that the anomalously high oscillator

strength of the hypersensitive transition resulted (in part) from Nd 3+ ions being somewhat dis-

placed (by 0.1-0.2 A) from the mid-oxygen site. In addition, based upon a more detailed

7



analysis of the optical transitions, they suggested that Nd3+ was probably located in more

than one site. In the present study, we find rather direct evidence for both of these features.

It is clear than Nd3+ ions populate two sites, and that the mid-oxygen site is dominant. It is

also significant to note that the results described here are consistent with those obtained from

X-ray diffraction studies or. completely exchanged compositions [5].

One notable feature regarding the temperature dependence of the optical spectra is the

fact that only slight changes were observed over the range 4°K to 300'K. This suggests that

the first Stark level of the 4I9,2 is widely separated from the next level. Such behavior is

fairly consistent with the ESR spectra, where the lines were found to disappear at tempera-

tures (700K) which are rather high for Nd3+ ions.

At the present level of investigation and without additional information regarding the

wave functions of different levels, it is not possible to provide a more detailed interpretation

of the ESR transitions. Nonetheless, we are able to compare our results with the large

number of previous investigations which correlate g-values and symmetry considerations. The

g-values obtained in the current study are not unusual for Nd 3+. Similar results were reported

for Nd3+ in CaO - 2A12 0 3 [11] and Y2 0 3 [12] hosts. Both cases are particularly relevant to 1,

the present work because the Nd3 + were found to reside in C2 sites. The significance here is

that a C2 site is expected in 3" alumina when Nd3+ are displaced slightly away from the

center of the mO site. Such displacements were proposed by Alfrey et al. [4] to account for

the optical absorption of the hyperfine transition.

4.2 Completely Exchanged Nd3+ 3" Alumina

In general, the completely exchanged Nd 3 +: J3" alumina compositions are quite

different spectroscopically from the partially exchanged material:. This difference is particu-

larly evident in the ESR spectra where it appears that magnetic pairing occurs. The angular

8
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dependence for some of the ESR lines is comparable to the low concentration samples and

thus represents the presence of isolated Nd3 + ions which are unperturbed. However, it is also

quite apparent that new species are present. The nature of the lineshape suggests that we do

not have Nd 3 + clusters. Instead, there seem to be sets of discrete pairs. The magnetic axes

for the Nd 3+ pairs are within the conduction plane. These pairs would be expected to give

rise to a number of different angular dependencies, as observed experimentally.

The existence of Nd 3+ pairs may be responsible for the changes observed in the opti-

cal spectra (Figs. 1 and 2). The two lines observed at 424.5 nm and 420 nm are at too high

energy to be the 419/2 -2 P/2 transition of isolated ions. [8] This is an indication that the

peaks correspond to another type of Nd3+ species. Pairs of interacting Nd3+ ions will give

rise to new levels. If some of the new levels develop at higher energies, then the combination

of isolated Nd 3+ ions and Nd3+ pairs would be able to account for the changes which occur

in the optical spectra of the concentrated Nd3 + samples. However, it must also be recognized

that the magnetic interactions observed from ESR may not necessarily be associated with the

changes that result from optical transitions.

5. CONCLUSIONS

Optical absorption and ESR measurements were used to identify site occupations for

Nd3 + in 3" alumina. For partially exchanged samples, Nd3 + ions are located primarily on

mid-oxygen sites with some occupancy of a second site. No detailed information regarding

the location of the second site was obtained. The temperature dependence of the optical

absorption indicated that the separation of the Stark levels of the 419/2 are sufficiently wide

that only the lowest level is occupied. The crystals containing high Nd3 + concentration exhi-

bited rather different behavior. The presence of discrete Nd3+ pairs is suggested and the ESR

spectra indicated that fully exchanged Nd 3+": alumina contained a combination of discrete

pairs and isolated Nd3 + ions.
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FIGURE CAPTIONS

Figure 1. Absorption spectrum of Nd3+: P" Alumina at 4.2 K for the 419/2 P1/2 transi-

tion. The beam (unpolarized) was propagatin aloni the 6 direction

a) low Nd "+ concentration; 3.2 x 10A cm-

sample thicltess = 0.04 cm.

b) high Nd 3+ concentration; 1.8 x 1021 cm 3

sample thickness = 0.03 cm.
Figure 2. Absorption spectrum of Nd+3: D" Alumina at 4.2 K for the 419/2 4G5/2' 2G7/2

transition. The beam (unpolarized) was propagating along the c-direction.

a) low Nd3 + concentration

b) high Nd 3 + concentration

Figure 3. Angular variation of the ESR signal for Nd3+: " alumina (low concentration).

The applied magnetic field is in the ab-plane. The experimontal points are indicated.

There are three crystallographically equivalent sites in the ab-plane whose x- and y- g

tensor axes are shown, taking (x3 ) = 0.

Figure 4. The linewidth for the ESR signals shown in Figure 3 as a function of the applied

magnetic field.

Figure 5. Angular variation of the ESR signal for Nd3 +: J3' alumina (low concentration)

where the magnetic field is applied in a plane containing the c-axis. The orientation of

the c-axis is shown. The three sites correlate with those indicated in Figure 3.
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